Abstract-Direct and indirect techniques are available to measure the water content of the cellulosic insulation of a power transformer. The measurement of the water content of cellulose is necessary because if it becomes too high, bubbles of water will be ejected from the cellulose insulation which may cause failure. Taking a sample of oil for Karl Fischer titration analysis is a simple and cheap laboratory based method to estimate the water content of the cellulosic insulation. However, it has been suggested in an IEEE Standard that errors of up to 200 % can be present. Due to a utility often operating a large number of power transformers, it is not practical to use better online methods (due to installation costs) or dielectric response (having to disconnect the unit) to monitor water content in a financially constrained economy. Therefore, a field study was performed to investigate how to improve the accuracy of determining the water content of paper using the traditional Karl Fischer titration method.
INTRODUCTION
El-Niño events are usually associated with higher than average temperatures in southern Australia [1] . When the last El-Niño was declared [2] , in May 2015, the utilities began evaluating any possible effect that the expected hotter-thanaverage summer could have on their assets, both in terms of increased customer load (e.g. air conditioners) and ambient temperatures.
One impact is that if the winding temperature of a transformer exceeds a certain threshold, bubbles of water are ejected from the paper insulation causing the dielectric failure of the oil gap. This phenomenon has been investigated in detail by several researchers [3] - [7] . In general, as the temperature of cellulosic insulation rises, the vapor pressure of the adsorbed water increases. Once this vapor pressure is high enough, bubbles of water form by effectively pushing the oil away from the cellulose forming a cavity.
A traditional technique to estimate the water content of paper (WCP) is to sample the oil while measuring its temperature, measure the water content of the oil (WCO) using a Karl Fischer Titration (KFT), then use an adsorption isotherm to estimate WCP. This technique has been available for several decades [8] . However, it is well known that the inaccuracy of this method is an issue [9] , [10] , with one author estimating that it could be as high as 200 % [11] . More accurate methods to measure WCP have been developed over the years, such as indirect dielectric response [12] methods and online water activity sensors [13] . However, in the current financiallyconstrained economy the utilities are under pressure to cut costs and so it is not practical to use updated WCP monitoring methods on the many hundreds of power transformers typically owned by a utility.
While online water activity sensors only cost several thousand dollars, a utility may need to invest in the required information technology to integrate these sensors into their network. Isolating transformers to complete dielectric response testing is also costly for utilities and is avoided where traditional online methods are practicable. Consequently, a field study was performed to investigate how to improve the accuracy of determining WCP using the traditional KFT method. Power transformers identified as having an unacceptably high WCP could then have more accurate monitoring devices attached.
II. BACKGROUND
The water content of a 35/60 MVA 110/33 kV free breathing power transformer (TR1) had been monitored throughout its lifetime. A sample of oil was periodically extracted and sent to the laboratory for KFT analysis, shown in Fig. 1 . The temperature of the oil was determined by running the flow of oil over a thermometer. WCP is shown in Fig. 2 where it was determined using the following adsorption isotherm based method. Fessler proposed (1) [14] , where is the vapor pressure of water above the paper and is temperature in °C.
Vapor pressure can be calculated from WCO by (2), where ( ) is the solubility of water in oil at temperature and ( ) is the vapor pressure above pure water at that temperature, and is water activity. Water activity is the ratio of the vapor pressure above the sample to the vapor pressure above pure water in thermodynamic equilibrium. ( ) can be estimated (3) from knowing the two empirical and water solubility constants for that oil. can be calculated from work published by Buck [15] . An assumption for (1) - (4) to be appropriate is that the oil has to be in both temperature and vapor pressure equilibrium with the paper, i.e. the temperature and vapor pressure of the oil, and water dissolved in it, has to be the same as that of the paper. However, this is very unlikely because the time constants for moisture migration through cellulosic materials are very large, in the order of days to weeks depending on temperature, which is much slower than the expected daily cycling temperature profile of a power transformer. Consequently, changes in WCO tends to lag winding temperature, without reaching equilibrium. As will be discussed later in this article, the impact of this non-equilibrium on the range of WCP can be substantial.
Online water activity probes can be used to determine WCP, where the measured and temperature are used to calculate (5), which is then used with (1). The problem of nonequilibrium is overcome by taking long term averages of measurements [13] , where it is suggested that the averaging is performed over at least a week of data [16] .
A temperature gradient exists between the oil and winding. The general result is that WCP can be slightly less than that determined using (1) because is higher (which can be several degrees depending on load). The water activity used in (5) can be adjusted to reflect the higher oil temperature around the winding using (6) , where is one of the empirical water solubility coefficients of oil used in (3), and are the water activity and temperature of the oil at the sampling point, and
and represent values at the winding temperature [17] .
This adjustment is necessary because the vapor pressure of the water dissolved in the oil will increase as its temperature rises. For a normally operating transformer, a utility may sample the oil once or twice a year. Consequently, there is insufficient data to determine valid long term average on the same weekly time scale as discussed in [14] .
A hypothesis that is being explored, and is reported in this article, is whether the long term temperature of the transformer winding can be used to adjust the water activity of the oil to its long term value providing a more accurate determination of WCP.
III. FIELD STUDY
The transformer (TR1), whose data is shown in Figs. 1 and 2 had water activity probes (Vaisala MMT-330 [18] ) installed into the pipes carrying warm and cool oil to and from the radiation bank of the tank. Measured water activity and temperature data was compared to the KFT measurements. A second free-breathing transformer (TR2), 12.5 MVA 33/11 kV, also had a water activity probe installed (Vaisala MMT-330), and data was available for analysis. Its WCO and oil temperature data are shown in Fig. 3 .
In a previously reported study the WCP for TR2 was measured using dielectric response and using water activity sensors with an algorithm developed by the authors [19] . Its WCP was found to be 3.7 %, which was determined by measuring the water activity and temperature, calculating using (5), and then calculating WCP (shown in Fig. 4 using (1) ). An average of WCP was then calculated. The dielectric response device (Omicron Dirana) gave the same measurement. A similar analysis was performed on TR1, where a temperature correction using (6) was applied, shown in Fig. 5 . A WCP of 3.5 % was determined.
III. IMPROVING THE ACCURACY OF WCP BY ADJUSTING WCO VALUES
The proposed method to improve the accuracy of determining WCP using a KFT is to calculate the water activity of the oil from the WCO measured by the KFT, and then adjust the water activity to be reflective of the long-term average winding temperature. Water activity is calculated using (2), and then is adjusted using (6) . The A and B solubility coefficient of water in oil must be known to apply (2) and (6) . A potential source of error when converting between water activity and WCO is that the solubility of water in oil changes as it degrades. Various sets of coefficients are given in [17] for transformers of different ages. Consequently, to verify whether the solubility coefficients are suitable WCO can be calculated from water activity, and then comparing with that measured using KFT. Two sets of solubility coefficients were sourced, with the new oil set A = 7.42, B = 1670 from [20] and the aged oil set A = 6.54, B = 1349 [17] . The aged oil coefficients are from a power transformer of a similar age.
The WCO values calculated using water activity and temperature are shown in Figs. 6 and 7. When comparing these values with those measured using KFT, Figs. 1 and 3 , the new oil coefficients appear appropriate for use because the calculated WCO values match those measured using KFT. The WCO for TR2 was close to that measured by KFT, although to optimize this method further measuring the solubility coefficients could be required.
The average winding temperature was provided for each transformer over several months. It is noted that this is not ideal, and a longer time frame should be used. These temperatures were very close to one another, 37 °C for TR1 and 38 °C for TR2. The water activity for the WCO KFT measurements was calculated using (2) and (3) with water solubility coefficients for new oil (since it was discussed previously that using these coefficients was acceptable). Equation (6) was then used to adjust the water activity to the winding temperature, then (5) and (1) were used to calculate the WCP expected at the average winding temperature. In Fig. 8 WCP determined for TR1 is both fairly consistent and is near to the 3.7 % determined using dielectric response and the water activity measurement [19] . Using this method to adjust WCP determinations for TR2, shown in Fig. 9 , did reduce the variability in WCP somewhat but it was not as substantial as for the case of TR1. However, the adjusted values of WCP for TR2 are similar at around 42 -45 years of age to the 3.5 % measured by the water activity probe (when it was installed). As can be seen in Fig. 5 WCP does dip to 2.5 % around this time. The degree to which a WCP KFT dataset can be smoothed will very likely depend on the uniformity of the ambient temperature and loading profile. 
IV CONCLUSIONS
Using the long-term average winding temperature to adjust WCP calculated from KFT of oil seems to have reduced the variation. Ideally, the utility will have the winding temperature. If they do not, then an average winding temperature can be determined over a period. However, the validity of correcting early WCP calculations (from WCO) will depend on how accurately the average of the monitoring period reflects the long-term average temperature. 
